It recently has become possible to search for and locate areas, we strengthened the power of the statistical analysis and these nonprimary motor areas in the human brain. Three thereby increased the confidence in reporting single subject data. advances have made this possible. First, anatomic studies On the lateral convexity, motor related activity was found for all are in progress identifying for the human brain the different three subjects in the primary motor cortex, lateral premotor cortex, subregions of the precentral cortex, using cytoarchitectonic and an opercular area within the premotor cortex. In addition, there and receptor mapping methods (Vogt et al. 1995 ; Zilles was activation of somatosensory cortex (SI), the supplementary et al. 1996a). Second, functional brain imaging [positron somatosensory area (SII) in the Sylvian fissure, and parietal association areas (Brodmann areas 5 and 40). There was also activation emission tomography (PET) and functional magnetic resoin the insula. We suggest that the activation in the dorsal premotor nance imaging (fMRI)] has advanced to a point at which cortex may correspond with dorsal premotor area (PMd) as de-the spatial resolution is such that it is possible to discriminate scribed in the macaque brain. We propose three hypotheses as to between peaks that are only a few millimeters apart (Fox et the probable location of vental premotor area (PMv) in the human al. 1987; Rao et al. 1995; . Third, the brain. On the medial surface, motor-related activity was found for sensitivity has improved such that it is possible to map activall three subjects in the leg areas of the primary motor cortex and ity in individual brains (Rao et al. 1993; somatosensory cortex and also activity for the hand, shoulder, and 1993; Townsend et al. 1991; Watson et al. 1993) . leg in the supplementary motor area (SMA) on the dorsal medial convexity and in three areas in the cingulate sulcus. We suggest Our study differs from previous studies in several respects. that the three cingulate areas may correspond with rostral cingulate First, though many group studies have been carried out using premotor area, dorsal cingulate motor area (CMAd), and ventral PET (Colebatch et al. 1991; Deiber et al. 1991; Luppino et cingulate motor area (CMAv) as identified in the macaque brain. al. Matelli et al. 1993; Remy et al. 1994) , only a few Somatotopic mapping was demonstrated in the primary motor and papers have published data on individual subjects, with the primary somatosensory cortex. In all three subjects, the arm region activation coregistered onto MRI scans lay anterior to the leg region in parietal area 5. Also in all three , 1996 Rumeau et al. 1994) . Of these, none draws subjects, the arm region lay anterior to the leg region in the suppledistinctions between the various cingulate areas and premomentary motor cortex. tor areas. Second, though there are several studies of individuals using fMRI (Kim et al. 1993a,b; Rao et al. 1995; Sanes In a recent paper, Picard and Strick (1996) have tried to Scanning identify all the nonprimary motor areas of the medial wall, We used a Siemens CTI 953 B PET scanner (CTI, Knoxville, including those in the cingulate sulcus. They summarize the TN), and the sensitivity was increased by recording in 3-D mode data from many PET studies and present summary figures (Townsend et al. 1991) . Relative regional cerebral blood flow in which they plot the ''peak'' activations. Though the (rCBF) was measured from the distribution of radioactivity (Mazmethod has the advantage of pooling a large amount of ziotta et al. 1985) after a slow bolus intravenous injection (Silbersdata, there are two disadvantages. First, the studies were weig et al. 1993 ) of H 2 15 O (12 mCi per scan). Attenuation-cornot uniform in their techniques for statistical analysis and rected data were reconstructed to 31 transaxial planes. The resulting resolution was 8.5 1 8.5 1 6 mm at full-width half-maximum anatomic localization. Second, many of the studies involved (FWHM) . The imaged brain volume extended from the vertex to plotting the data for a group of subjects, and this is an the upper cerebellum. For each individual, magnetic resonance insensitive method given the variation in anatomy between (MR) images were obtained with a 1 T Picker HPQ Vista system individuals. The gyral morphology even of the major gyri (resolution 1.3 1 1.3 1 1.3 mm) for PET-to-MRI image coregistra-(e.g., pre-and postcentral gyrus) is variable in spite of nor-tion (see below). malization into a standard stereotactic space (Steinmetz et Informed written consent was obtained from all volunteers. Ethial. 1989; Talairach and Tournoux 1988) ; and this variation cal approval was provided by the Medical Ethics Committee of in gyral morphology can lead to a failure to detect signals the Royal Postgraduate Medical School, Hammersmith Hospital, when the data from individual subjects are pooled (Schlaug and permission to administer radioactivity by the Administration et al. 1994). In particular, the variation in sulcal pattern has of Radioactive Substances Advisory Committee of the United Kingdom.
been well documented for the medial frontal surface both in the monkey and the human brain (Paus et al. 1996; Vogt et al.1995) ; and it is on this surface that many of the nonpri-Image processing and data analysis mary motor areas have been demonstrated in the macaque Images were processed using ANALYZE (BRU, Mayo Foundabrain .
tion, Rochester, MN) and MPM (Pietrzyk et al. 1994) . Statistical
The present study used a more sensitive method. First, analysis was performed in PROMATLAB (Math Works, Natick, we mapped these areas independently in three individuals MA) using Statistical Parametric Mapping (SPM, Wellcome Deusing a PET camera in three-dimensional (3-D) mode partment of Cognitive Neurology & MRC Clinical Sciences Centre, (Spinks et al. 1992; Townsend et al. 1991) . In this way, we London, UK). could check the results by seeing to what extent they could
The data for each individual subject were analyzed in the followbe replicated in different brains. Second, we coregistered the ing way: all PET scans were realigned to the first emission scan PET data for each individual on MRI scans showing each to correct for any head movement , and a individual's gyral morphology. Finally, instead of inspecting mean PET image was calculated for that individual. The MR image for that individual was aligned parallel with the intercommissural all pixels, we prospectively restricted the data analysis to line (AC-PC line).The PET mean image for that individual then particular areas of interest. These were defined on basis of was coregistered with the MR image and thus realigned parallel the anatomic and physiological literature on nonhuman priwith the intercommissural line (AC-PC line) mates. For example, on the medial surface, we confined the The PET images for each run were then resliced using the same analysis to the cingulate sulcus and to the convexity cortex algorithm. The correctness of the automated realignment procedure above it, and we looked for those areas that had been identi-was checked using ANALYZE and MPM. fied in macaques by and Dum and The PET images then were filtered using a low-pass Gaussian . By examining only a subset of areas, we filter (FWHM 10 1 10 1 12 mm) to smooth the data in 3-D and strengthened the power of the statistical analysis and thereby so improve the signal-to-noise ratio . A pixelincreased the confidence in reporting single subject data based analysis of covariance with global activity as the covariate (Friston et al. 1990 ) controlled for systematic state-dependent dif- Townsend et al. 1991; ferences in global blood flow associated with the different condi-1993).
tions. Then the mean values were calculated for each pixel across all scans per condition; this was done for the control (resting), and the three activation tasks separately. Comparisons of the means
thereafter were made using t-statistics , subsequently transformed into normally distributed Z statistics (Friston Subjects and procedure et al. 1991) .
The resulting set of Z-values constituted a statistical parametric We scanned three normal healthy subjects (30-to 45-yr-old, right-handed males) in four conditions. In the first, they flexed map (SPM{z}-map) , which showed areas of significant relative rCBF change (P õ 0.01, uncorrected) associand extended their right knee; the movements were paced by a metronome at a 1-Hz frequency, and the angle of flexion was ated with the differences between each movement task and the resting state . As described below, the search between 60 and 100Њ. In the second, they abducted and adducted their right arm; the angle was between 30 and 90Њ. In the third for local maxima was limited to a subset of regions. Areas of relative rCBF change with 0.05 ú P ú 0.01 were accepted as condition, they flexed and extended the fingers of their right hand; digits 2-5 were moved together, and the angle of flexion was trends. Uncorrected P values were accepted because only a limited subset of the image data was interrogated [activations outside the between 20 and 90Њ. In the control condition, the subjects lay at rest. Each task was performed four times by each subject in a predefined areas of interest were rejected ].
In the present paper, the terms local maxima or peaks refer to those randomized order to avoid order and habituation effects.
We used appropriate supports to minimize the movements of points at which the activation was most statistically robust. After coregistration of SPM{z}-maps with MR images, the other body parts. This was of particular importance for the head. Before the study, the movements were videoed during task perfor-exact anatomic location of the local maxima was identified for each individual with reference to the gyral anatomy identified on mance, and the head movements were measured to be°2 mm. http://jn.physiology.org/ Downloaded from each individual's coronal, sagittal, and transaxial MR images. As activity for all three subjects in the primary motor cortex, explained in the introduction, we used data from neuroanatomic lateral premotor cortex, and an opercular area within the and neurophysiological studies of human and nonhuman primates premotor cortex. This view also shows somatic areas: soto guide the search for these maxima. The replicability of the results matosensory cortex (SI), the supplementary somatosensory was checked by comparing the data for three different brains. We area (SII) in the Sylvian fissure, and parietal association report local maxima of significant relative rCBF increases for the areas (Brodmann areas 5 and 40). There is also activation left hemisphere.
in the insula. The medial views show motor related activity in all three subjects in the leg areas of the primary motor Identification of regions cortex and somatosensory cortex, and also activity for the hand, shoulder, and leg in the supplementary motor area
The following regions were identified as areas of interest: 1) (SMA) on the dorsal medial convexity and in three premotor Before interpreting the data, it is important to comment lying dorsally in or around the precentral sulcus; the border be-on two methodological issues. The first is the spatial resolutween areas 4 and 6 is variable (Zilles et al. 1996b ), and we tion of the method. The second concerns the replicability of therefore have distinguished only between activations in the pre-the data from brain to brain.
central sulcus (area 6) and the central sulcus (area 4); the anterior It might be thought that the precision with which the local border of area 6 does not correspond to any sulcal boundary and ''maxima'' are reported is not in keeping with the spatial we therefore searched anteriorly°10 mm in front of the precentral resolution of the PET images (8.5 1 8.5 1 6 mm at FWHM).
sulcus; 5) the insula; 6) the operculum as the cortex lying in the However, it is essential to distinguish between the spatial upper bank of the Sylvian, lateral to the insula, and anterior to the central sulcus; 7) the secondary somatosensory area (SII) as the resolution of the image within a scan and the ability to distincortex lying in the upper bank of the Sylvian fissure, and immedi-guish between local maxima if they come from different ately posterior to the central sulcus; 8) the anterior inferior parietal scans. It has been demonstrated that peaks from different cortex as the cortex lying below the intraparietal sulcus and poste-scans can be distinguished even if they are separated by rior to the postcentral sulcus; 9) the supplementary motor cortex 2-3 mm (Fox et al. 1987; .
as the cortex lying above the cingulate sulcus and anteriorly within Within a scan, we have not attempted to distinguish peaks the paracentral lobule; in addition, the cortex anterior to this also if they are less than the FWHM apart. The exceptions are was searched up to the level of the genu of the corpus callosum; the peaks in motor cortex and somatosensory cortex. For the posterior boundary between areas 4 and 6 was drawn at the example, for subject 1, the peaks for the shoulder lie 5 mm sulcus just anterior to the central sulcus; and 10) cingulate cortex apart in the y axis (Table 1 ). Yet, they are located in different as the cortex lying within the cingulate sulcus; for a subdivision of the areas within the cingulate, see DISCUSSION . banks of the central sulcus, and the separation also can be demonstrated in the other subjects.
Because we coregistered SPM { z }-maps on to each in-R E S U L T S dividual's MR image, we were able to localize the exact anatomic position of the local maxima in all three dimenRelative rCBF increases were seen in motor and movement-related somatic areas. Figure 1 shows the areas of sig-sions; thus in coronal or sagittal sections, we could judge whether the local maxima lay in the upper or lower banks nificant relative rCBF increase superimposed on a left paramedian sagittal MRI cut (06 mm from the midline) and on of a sulcus. For example, a comparison of the activations in the left Sylvian fissure, as shown in the coronal sections two coronal MRI cuts (01 mm and /5 mm relative to the vertical plane through the anterior commissure) of one sub-in Fig. 1 , allows a clear distinction to be drawn between the peak lying in the upper bank of the frontal operculum ject when moving the leg.
On the parasagittal cut, significant increases in relative ( top right ) and the peak lying in the insula ( top left ) . Similarly, it will be seen that the medial activations lie rCBF are seen in the anterior bank of the marginal ramus of the central sulcus (primary motor cortex), the supplemen-within the cingulate sulcus. Such judgements cannot be made if the peaks are plotted on standard brain diagrams tary motor area (SMA), and the anterior, posterior dorsal, and posterior ventral cingulate area. The figure also shows Matelli et al. 1993 ) . As discussed in a later section, a comparison of the different brains in the peak for the somatosensory cortex (SI) in the posterior bank of the marginal ramus of the central sulcus. The coronal the present study indicates that some of the variability in the precise anatomic location of the local maxima reflects cuts show peaks in the insula (01 mm) and the operculum (/5 mm). Table 1 gives the respective coordinates and z variability in the gyral morphology.
The issue of replicability of the data is not the same as values for the maxima. Figure 2 shows a projection of the local maxima of relative the issue of the variability in the exact location of the different areas in brains with differing gyral morphology. Rather, rCBF increase onto lateral and paramedian views of the left hemisphere of three subjects when moving the fingers, the comparison between the different brains allows us to validate the method used for data analysis. In searching for shoulder, and leg. As explained in the legend, this figure shows the maxima as projected onto the surface. Table 1 the various areas, we used a criterion of P õ 0.01. The reason is that we wished to employ as sensitive a method gives the respective coordinates and z values for the left hemisphere.
as possible so as to avoid false negatives. The justification was that the area searched was a delimited area decided In the frontal lobe, the lateral views show motor related before the analysis, on the basis of the data from nonhuman Motor cortex primates. The danger is that the analysis might turn up false
In all three subjects, the peaks for motor cortex lie within positives, though previous studies suggest that this level of the anterior bank of the central sulcus. Zilles et al. (1996a,b) significance is adequate to avoid false positives (Dettmers differentiate between area 4a and 4p. The peaks for the Watson et al. 1993) .
finger and shoulder lie near the convexity within the sulcus, The danger of false positives and false negatives can be suggesting that they lie within 4a. However, given the variassessed by carrying out replications. Table 1 shows that ability in the extent of area 4 (Roland and Zilles 1994; Zilles we were able to find representations of the finger, shoulder, et al. 1996a,b) , one would need a probability atlas to make and leg in most areas for most subjects. Where we were this assignment with any degree of confidence. not able to do so, for example for the hand and shoulder in the ventral cingulate area for subject 1, the problem Lateral premotor areas may be that we are using a method that is at the limits of its sensitivity. There is a limit to the radiation that can be
The aim of the study was to search in the human brain for the nonprimary motor areas that have been demonstrated in given to a subject with PET. Coordinates of local maxima of significant relative regional cerebral blood flow (rCBF) increase associated with flexion and extension of the fingers of the right hand, right shoulder, and right knee, as indicated by the highest Z score within an area. Anatomic locations are identified by inspection of the individual magnetic resonance image. Coordinates in millimeters: x, distance to right (/) or left (0) of midsagittal line; y, distance anterior (/) or posterior (0) to vertical plane through anterior commissure; z, distance above (/) or below (0) intercommissural (AC-PC) line. Coordinates refer to the local maxima of significant relative rCBF increase. For each area the symbol used in Fig. 2 is given. BA, estimate of the Brodmann area according to Talairach and Tournoux (1988) . Omnibus correction: P õ 0.001, z ú 3.1; P õ 0.01, z ú 2.3; P õ 0.05, z ú 1.6. Motor cortex, /; sensory cortex, D; superior parietal, *; premotor, 1; insula, ᭟; operculum, ᭟; SII, छ; inferior parietal, ᮀ; supplementary motor cortex (SMA), ᮀ; rostraul cingulate area, *, dorsal cingulate area, 1; ventral posterior cingulate area, ᭟. and paramedian sagittal (6 mm to left of interhemispheric line) cuts (bottom row) of left hemispheres for 3 subjects. Onto these are projected local maxima of significant relative rCBF increases that are associated with flexion and extension of fingers of right hand (red), right shoulder (blue), and right knee (green). Local maxima were projected after coregistration of positron emission tomography (PET) and MR images. Displays demonstrate the individual relationship of PET activation foci relative to gyri and sulci at brain surface. It is important to note that this figure cannot give information about laterality of local maxima of relative rCBF increase. Furthermore, maxima are located on lateral surface even where they lie in deep sulci; for example, symbol for activation in insula appears on lateral surface. Because sulci do not always run parallel with surface, projection of maxima that lie in sulci can be misleading. Symbols used for different areas are given in Table 1 . Note that some symbols are used on both lateral and medial views for noncorresponding areas and that white symbol indicates an identical site for 3 activation peaks. Sulci are labelled as follows: SPC, superior prefrontal (frontal) sulcus; PrC, precentral sulcus; CS, central sulcus; PoC, postcentral sulcus; IP, intraparietal sulcus; SF, Sylvian (lateral) fissure; CG, cingulate sulcus; CGs, superior cingulate sulcus; 1 and 2 label gyri anterior to motor cortex. For definition of areas, see METHODS .
the macaque brain. In each subject, there was activation of a the area identified as F2 on the basis of staining with cytochrome oxidase (Matelli et al. 1985 . dorsal region in area 6 on the lateral surface. The anteriorposterior coordinates lay within an area extending back between
There is a suggestion in the PET data that the peaks may subdivide into an anterior and a posterior cluster. However, 10 and 20 mm from the vertical plane through the anterior commissure (VCA) line. We take this area to correspond to there is no objective way of separating these activations into two groups. Given the way in which the peaks cluster, there dorsal premotor area (PMd) in the macaque brain (He et al. 1993) . Like PMd, it lies at roughly the dorsal-ventral level of is no way of deciding to which of the supposed subgroupings to allocate any particular peak. We therefore have decided the hand area of the motor cortex. In the human brain, the VCA line forms the border between area 6a alpha (behind) to be conservative and to identify the whole as PMd.
In the macaque brain, there is a more ventral premotor and 6a beta (in front) (Zilles et al. 1996a ). On the lateral surface area, PMd lies behind the spur of the arcuate sulcus area identified as ventral premotor area (PMv) (He et al. 1993; Muakassa and Strick 1979) . This lies in and below (di Pellegrino and Wise 1993a,b; Kurata 1989; Kurata and Hoffman 1994; Wise et al. 1996) , and the spur is roughly at the spur of the arcuate sulcus in area F4/F5 (Matelli et al. 1985 . It is located at the level of the frontal eyethe level of the anterior commissure. PMd is located within fields as defined by microstimulation (Bruce et al. 1985) . the level of the VCA line and can thus be identified as the supplementary motor cortex (SMA). In PET studies, the frontal eye-fields have been identified as lying from 40 to 56 mm above the AC-PC line (Anderson There was no activation of the medial frontal convexity anterior to the VCA line. On the basis of cytoarchitecture et Fox et al. 1985; Paus 1996) .
There are three hypotheses concerning the location of Zilles et al. ( 1996a ) have distinguished between the SMA and the ''pre-SMA'' ( or anterior SMA ) in the human PMv in the human brain. The first is that it lies on the lateral surface at the level of the lower slices through the frontal brain. In the pre-SMA, there is a more pronounced lamination and a clearer demarcation of layer III from layer V. eye-fields. Kawashima et al. (1995) scanned subjects while they learned to reach for targets, and there was activation Zilles et al. ( 1996a ) also identified the border at the level of the VCA line. as low as 38 and 44 mm above the AC-PC line. Grafton et al. (1994) scanned subjects while they performed a visual
The pre-SMA has been activated only when subjects select among movements and prepare their movements (Deiber et tracking task, and there was activation at a height of 36 mm above the AC-PC line.
al , 1996 Passingham 1996) . Picard and Strick (1996) have reviewed the relevant evidence. The present study difIn the present study, there was activation at a level of 38 mm above the AC-PC line for the shoulder in subject 2. fers in that the subjects made the same movement on each trial and thus did not have to select between movements. It However, most of the activations were at a higher level. This may be because the subjects performed with their eyes is this difference that probably accounts for the failure to activate the pre-SMA. closed and did not reach for visual targets. In macaques, there are cells in the ventral premotor cortex that are active There has been a controversy concerning the ventral border of the SMA in the macaque brain. On the basis of microwhen monkeys reach for and grasp objects (Rizzolatti et al. 1987 . Kurata (1994) argues that PMv is involved in stimulation, include parts of the upper bank of the cingulate gyrus in the SMA whereas on the basis the visual guidance of movement, and Kurata and Hoffmann (1994) have shown that if muscimol is applied to this region, of anatomic tracing Dum and Strick (1993) do not. It will be seen from Fig. 2 that in all three subjects there is a the monkey makes spatial errors in reaching. However, Grafton et al. (1996) required subjects to reach for and grasp representation of the arm and leg that lies well above the cingulate sulcus. In early PET studies, it was not always objects, and the peaks of activation were at /64 mm.
The second possibility is that PMv lies more ventrally obvious whether activation of the medial wall represented activation of the SMA, the cingulate cortex, or both (e.g., and in opercular cortex. In the present study, there was an activation of a frontal opercular region, in an area that lies Colebatch et al. 1991; Deiber et al. 1991; Playford et al. 1992) . Similarly, in the summary diagrams produced by in the upper bank of the Sylvian fissure. It appears to lie behind the precentral sulcus, that is within area 6. A similar Picard and Strick (1996) , it is difficult to draw a clear border between the SMA and cingulate premotor areas. The distincactivation has been reported in previous studies in which subjects have been required to make movements (Fox et al. tion can only be drawn for certain if the activation is identified in single subjects and the PET data are coregistered 1985; .
Finally it is possible that PMv extends into area 44, the onto individual MRI scans. region anterior to opercular area 6. No peak was found in area 44 in the present study in which subjects simply re-Cingulate motor areas peated movements. Activation has been reported in area 44 only when subjects imagine movement (Stephan et al.
We have distinguished between three areas in the cingulate sulcus. The first lies anteriorly to the VCA line, and is 1995), prepare for movement (Krams et al. 1996) or imitate movement . On the basis of cytoarchi-termed the ''rostral cingulate area'' in Table 1 . A similar area was identified in the group analysis of Picard and Strick tecture Petrides and Pandya (1995) have identified area 44 in the macaque brain as lying in the posterior bank of the (1996) . However, there is considerable variability in the course of the cingulate sulcus in the human brain (Paus et inferior ramus of the arcuate sulcus. It lies within area F5 as identified using cytochrome oxidase (Matelli et al. 1985 . Vogt et al. (1995) distinguish four patterns that are common; in some subjects there are two sulci anteriorly, Insula one lying above the other, as in subjects 2 and 3. This means that it is only possible to be certain of locating the cingulate In the present experiment, a final lateral area was identified areas accurately if the analysis is done on single subjects in the insula. An activation in the general region of the insula and on the basis of their MR scans. has been claimed in previous studies (e.g., Chollet et al.
On the basis of anatomic tracing methods, Dum and Strick 1991; Weiller et al. 1992) . As in the (1993) identify a rostral cingulate premotor area in the maearlier study by , the PET activations caque brain that they term ''CMAr''. Using microstimulawere coregistered onto the individual MRI scans, and in both tion also identify a rostral cingulate studies, it is possible to distinguish an activation in the insula area, and they allocate it to cytoarchitectonic area 24c. The from an activation of opercular area 6. In the macaque monarea CMAr lies anterior to the level of the anterior commiskey, there is an area in the anterior part of the sylvian fissure sure, and this leads us to suggest that the rostral cingulate that sends projections to the spinal cord (Galea and Darianarea identified in the present study may correspond to CMAr. Smith 1995). Vogt et al. (1995) also suggest that there may be a rostral Supplementary motor cortex cingulate area in area 24c in the human brain. Zilles et al. (1996a) distinguish two areas: cmr lying well anterior to In all three subjects, there was activation of the medial frontal convexity above the cingulate sulcus. This lay behind the VCA line and cmc2 lying around the level of the VCA line. It is not clear in which of these the rostral cingulate or fMRI studies will indicate more than one representation behind the VCA line in these two regions. area of the present study should be taken to lie.
In many PET studies, a cingulate area that lies yet more The present study also identifies an activation in the ventral bank of the cingulate sulcus posteriorly. For subject 1, anteriorly has been activated when subjects were required to select between responses to which they must attend. Frith this was only found for the leg, but for the other subjects, peaks were identified for finger, shoulder, and leg. We take and Grasby (1995) have plotted the results of several studies, including studies in which the responses were oculomotor this area to be CMAv identified on the basis of anatomic tracing by Strick (1991, 1993) . In the macaque or verbal ). This area has been identified as lying in cytoarchitectonic area 32 (Deiber et al. 1991) . brain, this lies in cingulate area 23. Vogt et al. (1995) also suggest that there is a ventral cingulate motor area in area It should be admitted, however, this allocation is not reliable because Vogt et al. (1995) have pointed out that the bound-23c in the human brain. Picard and Strick (1996) comment that other studies have not found activation in this region aries of area 32 are not accurately represented in the atlas of Talairach and Tournoux (1988) . However, recently Paus with motor tasks. However, the activation is small, and it may not have been detected in other studies due to insensiet al. (1996) have provided a probability map of the medial surface, and it is clear that some of these activations lie tive methods. within area 32.
Picard and Strick (1996) also have proposed that there Sensory areas are two separable cingulate areas in front of the VCA line, There was also activation in SI, parietal area 5, and the anterior rostral cingulate zone (RCZa) and posterior rostral anterior part of the inferior parietal cortex. It has been shown cingulate zone (RCZp). In the present experiment, only the that in the macaque monkey there are direct projections to more posterior one was activated, perhaps because no rethe spinal cord from SI, area 5, and the anterior part of sponse selection was required. Only the more posterior area the inferior parietal cortex (Galea and Darian-Smith 1995; can be regarded as a nonprimary motor area, because only Toyoshima and Sakai 1981) . However, these projections are this one is activated if subjects make movements but do not not heavy, and they distribute to the dorsal horn (Kuypers have to select between them.
1981). For this reason, they are not treated here as nonpriIn the present study, there was also activation in the dorsal mary motor areas. bank of the cingulate sulcus behind the VCA line. The allocation to the dorsal bank was confirmed by inspecting coronal sections. In the macaque brain, the dorsal cingulate area Individual gyral anatomy of the present study lies within the caudal cingulate zone of Picard and Strick (1996) . used It will be seen from Fig. 2 that the three brains differ to some extent in gyral anatomy. This is evident, for example, microstimulation to evoke movements from the dorsal bank, and they allocated some of the sites to the SMA proper on the medial surface. Using the nomenclature of Vogt et al. (1995) , subject 1 has a single, segmented cingulate sulcus, (F3). However, they allocated others to cytoarchitectonic area 24d, which lies behind the level of the anterior commis-whereas subjects 2 and 3 have a double (CGs and CG), nonsegmented cingulate sulcus. It will be seen that the rostral sure. On the basis of anatomic tracing, Strick (1991, 1993) identify an area that they call dorsal cingulate cingulate motor area lies within the anterior segment of the cingulate sulcus (CS1) in subject 1 and in the lower of the motor area (CMAd), and unlike , they take this to include most of the dorsal bank.
two sulci (ie CG) in the other two subjects. There is no peak in the upper sulcus (CGs) in either of these two subThere is, however, an uncertainty in the PET data. As can be seen from Table 1 the data suggest two peaks for each jects. This contrasts with the findings for more complex tasks that are summarized by Paus et al. (1996) ; they suggest that body part (Fig. 2 and Table 1 ). In Fig. 2 , for example, it will be seen that there appear to be two representations for on tasks such as the Stroop task the activation extends into Cgs. In subject 1, the dorsal cingulate area lies within CS2, the leg in the dorsal bank behind the VCA line. However, as for the lateral premotor cortex, there is no objective way and the ventral posterior cingulate area within CS3.
On the medial surface, Fig. 2 labels the gyri anterior to of separating the activations into two groups. He et al. (1995) also reported that CMAd may contain two represen-motor cortex and behind the VCA. We follow in labeling these 1 and 2. In subjects 1 and 3, the peak tations of the body, but, like us, they adopt a conservative interpretation and decide to identify just one area CMAd. for the SMA lies in gyrus 1. In subject 2, it appears to lie in gyrus 2, but we are unsure of the identification of the gyri. In There is overlap of the representations in the PET data, and we therefore must take them for the moment as one all three subjects, the peaks for the SMA lay near a sulcus, as has been commented by Grafton et al. (1996) . representation.
When discussing the SMA, point out On the lateral surface, the peaks assigned to PMd lie in the precentral sulcus, and roughly at the level of the superior that in many subjects there are two gyri on the medial frontal surface in front of motor cortex and behind the VCA line. The prefrontal sulcus (SPC). This was also noted by . The peaks assigned to the upper bank of the authors argue that the PET data indicate that there may be more than one functional area on the convexity behind the anterior operculum are assumed to lie in area 6. In all three subjects, they lie at the level (anterior/posterior) of the ven-VCA line. When discussing the cingulate areas, Zilles et al. (1996a) point out that a large part of their area cmc2 lies tral limb of the precentral sulcus. The peaks in the insula lie slightly more posteriorly, and in all three subjects, they posteriorly to the VCA line and that area cmc1 also lies posteriorly to this line; they suggest that the caudal cingulate premotor are at the level (anterior/posterior) of the lower extension of the central sulcus. region extends over both regions. It is possible that further PET et al. 1996) . In the present study, we found an activation for the fingers as well as for the shoulder. It was not the purpose of this study to examine somatotopy in detail. The reason for scanning while subjects moved their Conclusions fingers, shoulder, or leg was that we wanted to distinguish
Somatotopy
We have used PET to identify the multiple nonprimary areas with a whole body representation. However, the data motor areas in the human brain. They are motor areas in the allow certain limited comments on somatotopy. As in previous sense that they are activated when subjects execute simple studies, PET proved adequate to demonstrate somatotopy in movements and do not have to select between movements. the motor cortex (Colebatch et al. 1991; Grafton et al. 1991, In macaque monkeys, many of these areas can be shown to 1992). The distinction between hand and leg is clear cut be premotor areas in the sense that they send projections to . The mapping within the forelimb is motor cortex. PET cannot be used to identify which areas much less so (Colebatch et al. 1991; Grafton et al. 1992) . In are and which areas are not connected monosynaptically. subjects 1 and 2, the peaks for hand and shoulder were clearly However, PET can be used to identify corresponding areas separate (11 mm apart in x coordinate in subject 1; 14 mm in the human and macaque brain. This can be done by relatapart in the z coordinate in subject 2); but in subject 3, they ing the activations to the location of sulci and by using were very close. Functional MRI has been used by Rao et al. cytoarchitectonic maps of the human brain (Vogt et al. 1995; to study hand and elbow and by Sanes et al. (1995 ) Zilles et al. 1996a ). Many of the areas identified in the to study fingers and wrist, and both report considerable overlap present study appear to correspond to areas that are known to in the representations. The present study aimed to locate local project both to motor cortex and the spinal cord in macaque maxima within areas of activation, rather than to assess the monkeys Strick 1991, 1993 ; Galea and Darianextent of the activations and the degree of overlap of activations Smith 1995; He et al. 1993 He et al. , 1995 Leichnetz 1986 ; Muakassa was therefore not assessed.
and Strick 1979; Toyoshima and Sakai 1981) . For many other areas, we have not been able to determine Functional brain imaging also has been used to identify whether there is or is not somatotopy. This is because the multiple visual areas (Sereno et al. 1995; Watson et al. 1993 ; relative locations of the peaks were not replicable from sub- Zeki et al. 1991) . Studies of these visual areas in macaques ject to subject. However, there are suggestive data for paristrongly suggest functional specialization of the different etal area 5 and for the SMA. In all three subjects, the arm areas (van Essen et al. 1993; Mitz and Wise 1987; Murray and Coulter 1981) . Electrophysiological stimulation of the Received 14 June 1996; accepted in final form 18 December 1996. medial wall in patients also has suggested that there is a somatotopy, such that the leg representation is caudal to the REFERENCES arm representation (Fried 1996; Fried et al. 1991) . However, ANDERSON, T. J., JENKINS, I. H., BROOKS, D. J., HAWKEN, M. B., FRACKOit is not clear that these studies can distinguish accurately WIAK, R.S.J., AND KENNARD, C. Cortical control of saccades and fixation between maps in the SMA and the more ventral cingulate in man: a PET study. Brain 117: 1073-1084, 1994. BOECKER, H., KLEINSCHMIDT, A., REQUARDT, M., HAENICKE, W., MERcortex. This can be done in PET. In the present study, there BOLDT, K. D., AND FRAHM, J. Functional cooperativity of human cortical is a suggestion that there is somatotopy in the SMA. In all motor areas during self-paced simple finger movements. A high-resoluthree subjects, the peak for the hand is anterior to the peak tion MRI study. Brain 117: 1231-1239, 1994. for the leg. Picard and Strick (1996) also have shown that BRUCE, C. J., GOLDBERG, M. E., BUSHNELL, M. C., AND STANTON, G. B.
Primate frontal eye fields. II. Physiological and anatomical correlates of the face area lies anteriorly to the arm area.
electrically evoked eye movements. J. Neurophysiol. 54: 714-734, 1985 . PET and they claim no evidence of mapping in the SMA. Neurol. 29: 63-71, 1991 . COLEBATCH, J. G., DEIBER, M.-P., PASSINGHAM, R. E., FRISTON, K. J., AND However, they only compared movements of the fingers and FRACKOWIAK, R.S.J. Regional cerebral blood flow during voluntary arm shoulder, and they report group data in images that have and hand movements in human subjects. J. Neurophysiol. 65: 1392- been smoothed to a greater degree than in the present study. 1401, 1991. There is agreement that in the macaque brain there is a DEIBER, M.-P., IBANEZ, V., SADATO, N., AND HALLET, M. Cerebral structures participating in motor preparation in humans: a study with positron representation of distal as well as proximal musculature of emission tomography. J. Neurophysiol. 75: 233-247, 1996. the forearm  DEIBER, M. 
